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We theoretically and numerically investigate metamaterials composed of coupled resonators with
indirect coupling. First, we theoretically analyze a mechanical model of coupled resonators with
indirect coupling. The theoretical analysis shows that an electromagnetically induced transparency
(EIT)-like phenomenon with a transparency bandwidth narrower than the resonance linewidths of
the constitutive resonators can occur in the metamaterial with strong indirect coupling. We then
numerically examine the characteristics of the metamaterial composed of coupled cut-wire pairs
using a finite-difference time-domain (FDTD) method. The FDTD simulation confirms that an
EIT-like transparency phenomenon occurs in the metamaterial owing to indirect coupling. Finally,
we compare the results of the theoretical and numerical analyses. The behavior of the EIT-like
metamaterial is found to be well described by the mechanical model of the coupled resonators.
PACS numbers: 78.67.Pt, 41.20.Jb, 78.20.Ci
I. INTRODUCTION
Metamaterials are arrays of artificial structures that
are much smaller than the wavelength of electromagnetic
waves. The macroscopic characteristics of metamaterials
are determined by their constitutive elements and, there-
fore, electromagnetic media with desired properties can
be created by designing the shape, material, and density
of the constitutive elements. We can fabricate various
media that do not occur in nature and can use such de-
signed and fabricated metamaterials to control electro-
magnetic waves at will.
Resonant structures such as split-ring resonators1 and
electric-field-coupled inductor–capacitor resonators2 are
typically used as constitutive elements of metamaterials.
These structures are often called meta-atoms. The ef-
fective relative permittivity and permeability of meta-
materials can be varied from unity and can even be
made negative by using the strong response of these
meta-atoms around the resonant frequencies. These
resonant meta-atoms enable the realization of exotic
phenomena such as negative refraction,3,4 simultane-
ous negative phase and group velocities,5 subwavelength
imaging,6 and cloaking.7 In addition, metamaterials com-
posed of coupled resonators, which are often called meta-
molecules, have been investigated to realize useful charac-
teristics such as giant optical activity8 and enhancement
of second-harmonic generation.9–11 Dispersion control by
introducing coupling between neighboring unit cells has
also been studied.12,13
Although only electric and magnetic direct couplings
(near-field couplings) have been introduced in the above
mentioned metamaterials, indirect coupling mediated by
radiative modes has been introduced in other coupled-
resonator systems. For example, indirect coupling
has been introduced to achieve electromagnetically in-
duced transparency (EIT)-like transmission in a two-
dimensional photonic crystal waveguide coupled with two
resonators,14 EIT-like scattering and superscattering in
a double-slit structure in a metal film,15 and control of
light at the nanoscale using plasmonic antennas.16 If in-
direct coupling could be introduced into metamaterials
as well as these isolated coupled-resonator systems, fur-
ther development of methods for controlling electromag-
netic waves could be expected. However, it is not ob-
vious whether indirect coupling can be induced only be-
tween meta-atoms in each unit cell of metamaterials com-
posed of periodically arranged coupled resonators (meta-
molecules).
In this paper, we analyze the characteristics of meta-
materials composed of coupled resonators with indirect
coupling. First, we use a mechanical model of coupled
resonators to show that an EIT-like transparency phe-
nomenon occurs when indirect coupling is introduced.
The characteristics of the EIT-like metamaterial with in-
direct coupling are compared to those of previously inves-
tigated EIT-like metamaterials with direct coupling.17–23
Then, we show through a finite-difference time-domain
(FDTD) simulation24 that the EIT-like transparency
phenomenon caused by the indirect coupling is observed
in the metamaterial composed of coupled cut-wire pairs.
Finally, we discuss whether indirect coupling can be in-
duced only between meta-atoms in each unit cell of meta-
materials by comparing the theory based on the mechan-
ical model and the results of the numerical analysis.
II. MODELS OF COUPLED RESONATORS
We analyze the electromagnetic response of a meta-
material composed of metamolecules that are modeled
by the mechanical model shown in Fig. 1(a). When the
masses of the two particles are the same (m1 = m2 = m)
and the elastic constant of the central spring is much
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FIG. 1. (a) Mechanical model and (b) electrical circuit model
of coupled resonators.
smaller than that of the other springs (K ≪ k1,2), the
equation of motion is given by
(−ω2 + ω21 − iγ1ω)x1 − κ2x2 = α1E0, (1)
(−ω2 + ω22 − iγ2ω)x2 − κ2x1 = α2E0, (2)
where ω1,2 =
√
k1,2/m, κ =
√
K/m, γ1,2 are damping
constants, and F1,2 = mα1,2E0 are external forces, which
are assumed to be proportional to the electric field E0 of
the electromagnetic wave with proportionality constants
of α1,2. Solving Eqs. (1) and (2) for x1 and x2, the fol-
lowing equation is obtained:[
x1
x2
]
=
−1
(ω2 − ω21 + iγ1ω)(ω2 − ω22 + iγ2ω)− κ4
×
[
(ω2 − ω22 + iγ2ω)α1 − κ2α2
(ω2 − ω21 + iγ1ω)α2 − κ2α1
]
E0. (3)
We assume that the electric susceptibility of the meta-
material is proportional to x1 + x2. We further assume
that the characteristics of the two resonators are similar
to each other and that particles 1 and 2 are coupled only
via indirect coupling, that is, κ2 is a purely imaginary
quantity, κ2 = i Im (κ2). When γ1,2 are derived only
from the radiations of the meta-atoms, both γ1,2 and
α1,2 represent the coupling between the meta-atoms and
freespace. Thus, α1/α2 = γ1/γ2 can be safely assumed.
16
Using the above assumptions, we obtain x1+x2 at around
ω ≃ ω0 as follows:
x1 + x2 ≈ −2αE0(ω2 − ω20 + iγLω)
× {(ω2 − ω20 + iγ1ω)(ω2 − ω20 + iγ2ω)
− (ω20 − ω21)(ω22 − ω20) + [Im (κ2)]2}−1, (4)
where ω20 = (α2ω
2
1+α1ω
2
2)/(α1+α2), i2γLωα = iγ2ωα1+
iγ1ωα2 − (α1 + α2)κ2, and α = (α1 + α2)/2. The right-
hand side of Eq. (4) resembles the susceptibility of the
classical model of EIT with direct coupling.25 The cor-
respondences of main parameters in the susceptibility
of classical EIT with direct coupling to parameters in
Eq. (4) are as follows: Both the resonant angular fre-
quencies of the bright and dark modes are equal to ω0,
the loss of the dark mode is nearly the same as γL, and
the coupling factor between the bright and dark modes
corresponds to (ω20 −ω21)(ω22 −ω20)− [Im (κ2)]2. This im-
plies that an EIT-like transparency phenomenon occurs
at the angular frequency ω = ω0 ≈ (ω1 + ω2)/2. Note
that γL becomes less than γ1,2 if Im (κ
2) > 0. From
the passive condition for the metamaterial, the imagi-
nary part of x1 + x2 must be non-negative. To satisfy
the passive condition at ω = ω0 irrespective of ω1 and
ω2, Im (κ
2) ≤ ω0√γ1γ2 is required.
Next, we consider the group index at ω = ω0. When
the absolute value of ∆ = ω1−ω2 is larger than a certain
value ∆max, the transmission bandwidth decreases; that
is, the group index increases with decreasing |∆|. When
|∆| is smaller than ∆max, the transmission window grad-
ually disappears and the group index decreases with de-
creasing |∆| due to the loss. The value of ∆max can be
regarded as the minimum transmission bandwidth. We
calculate ∆max that gives the condition for the largest
group index below.
We may assume that the value of |∆| that maximizes
Re [d(x1 + x2)/dω|ω=ω0 ] is almost equal to ∆max in the
case of strongly dispersive media as in the present case.
For simplicity of the analysis, we further assume that
γ1 = γ2 = γ0, from which Im (κ
2) = ω0(γ0 − γL) is
obtained. This implies that γL that appears in Eq. (4)
represents the leak of the indirect coupling. From Eq. (4),
we obtain
Re
[
d(x1 + x2)
dω
∣∣∣∣
ω=ω0
]
≈ 4αE0(∆
2 − γ2L)
ω0(∆2 + 2γ0γL − γ2L)2
. (5)
The right-hand side takes a maximum value for |∆| =√
2γ0γL + γ2L, which we define as ∆max. In the case of
γL = 0, the transmission bandwidth can become infinites-
imal and the group index can become infinite. Note that
the transmission bandwidth can be smaller than the res-
onance linewidth γ0 of the meta-atoms when the leak γL
of the indirect coupling is sufficiently small. It is also
found from Eq. (5) that the group index becomes nega-
tive; that is, the transmission window disappears in the
range |∆| < γL.
Here we discuss the derivation of the leak γL of the
indirect coupling, which is an important parameter that
determines the minimum bandwidth of the transparency
window. Since the indirect coupling is mediated by ra-
diative modes, the indirect coupling takes a maximum
value, that is, γL vanishes when all the energy dissipated
from one meta-atom in each unit cell is absorbed by the
other meta-atom. The dissipated energy is derived from
Ohmic loss, dielectric loss, and radiative loss in most
meta-atoms. The dissipated energy derived from Ohmic
and dielectric losses cannot excite the other meta-atom,
3and thus, Ohmic and dielectric losses contribute to γL.
In addition, the difference between the radiation modes
of the two kinds of meta-atoms causes a reduction of the
radiative coupling, i.e., an increase in γL. Thus, γL is
derived from Ohmic loss, dielectric loss, and the differ-
ence between the radiation modes of the two kinds of
meta-atoms.
We also discuss the physical meaning of the narrower
transmission bandwidth than the resonance linewidths
of the meta-atoms in the transparency phenomenon. For
ω = ω0, Eq. (4) is reduced to x1 ≈ −x2. In this case, the
dissipation terms derived from γ1,2 in Eqs. (1) and (2)
are (partially) canceled out by the terms derived from
the indirect coupling κ2 = i Im (κ2). This implies that
the energy radiated from one meta-atom in each unit
cell is absorbed by the other meta-atom. That is, the
radiated energy moves backward and forward between
the two kinds of meta-atoms in each unit cell. Therefore,
the effective radiation loss in the metamolecule is reduced
and the narrowband transparency phenomenon can be
achieved.
We assumed Re (κ2) = 0 in the above discussion. In
the case of Re (κ2) 6= 0, it is found from Eq. (3) that
the EIT-like transparency phenomenon occurs for ω2 =
ω20 +Re (κ
2).
It is useful for understanding the electromagnetic re-
sponse of the metamaterial to analyze an electrical circuit
model of the metamolecule. We consider an electrical
circuit that consists of two coupled inductor–capacitor
resonant circuits, shown in Fig. 1(b). Three kinds of cou-
plings exist in the electrical circuit. Applying Kirchhoff’s
voltage law for the electrical circuit yields the following
equations:(
−ω2 + 1
LC1
− iR1
L
ω
)
q1
− iω
L
[
RM − i
(
ωM − 1
ωCM
)]
q2 =
V1
L
, (6)(
−ω2 + 1
LC2
− iR2
L
ω
)
q2
− iω
L
[
RM − i
(
ωM − 1
ωCM
)]
q1 =
V2
L
, (7)
where L1 = L2 = L is assumed. It is found by comparing
Eqs. (1) and (2) with Eqs. (6) and (7) that the imaginary
and real parts of κ2 correspond to the real and imaginary
parts, respectively, of the mutual impedance ZM = RM−
i[ωM − (ωCM)−1]. This relation shows the influences
of the electric coupling CM, magnetic coupling M , and
energy coupling RM on κ
2.
We now discuss the difference between the EIT-like
metamaterial with indirect coupling and that with di-
rect coupling.17–23 The unit cell of the latter metamate-
rial consists of two directly coupled meta-atoms: a low
quality-factor meta-atom, which interacts with the in-
cident electromagnetic wave, and a high quality-factor
meta-atom, which does not interact with the incident
wave. The loss in the high quality-factor meta-atom
w1
g1
g2
l/2
d
w2
py
px
E
B
k
x
y
z
FIG. 2. Unit cell of the EIT-like metamaterial with indirect
coupling. A thin metallic film represented by brown (gray)
lies on a dielectric substrate represented by white.
should be reduced to achieve a large group index. The
resonant frequencies of the two kinds of meta-atoms
should be identical to ensure that the transmission spec-
trum is symmetric to reduce higher-order dispersion. On
the other hand, as described above, the unit cell of the
former metamaterial consists of two similar meta-atoms.
The indirect coupling should be strong to realize a large
group index. The two meta-atoms should be coupled so
that Re (κ2) = 0 is satisfied to ensure that the trans-
mission spectrum is symmetric. Both kinds of EIT-like
metamaterials require efforts to achieve a large group in-
dex and symmetric transmission spectrum. However, the
structure of the meta-atoms can be simple for the former
metamaterial, because the unit cell consists of two similar
meta-atoms and the radiation losses of the meta-atoms
may be large. Therefore, the former metamaterial can
be superior in terms of ease of design and fabrication to
the latter metamaterial if γL ≃ 0 and Re (κ2) = 0 are
simultaneously satisfied.
III. FDTD ANALYSIS OF EIT-LIKE
METAMATERIAL WITH INDIRECT COUPLING
In order to confirm the validity of the above theory and
to investigate whether γL ≃ 0 and Re (κ2) = 0 are simul-
taneously satisfied, we design the EIT-like metamaterial
with indirect coupling and analyze the characteristics of
the metamaterial using an FDTD method.24 Figure 2
shows the unit cell of the EIT-like metamaterial whose
electromagnetic response is modeled by the mechanical
model shown in Fig. 1(a). Two kinds of cut-wire res-
onators (meta-atoms) with different resonant frequencies
are placed with a gap of g2. The structures of the two
kinds of cut-wire resonators are designed to be similar to
each other in order to make their characteristics includ-
ing the radiation modes similar. The configuration of the
two kinds of cut-wire resonators is determined so that
the radiation from one cut-wire resonator can excite the
other cut-wire resonator; that is, indirect coupling is in-
duced in the cut-wire pair. The unit structure can be re-
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FIG. 3. Transmission spectra for the lossless substrate. The
red solid curve represents the transmission spectrum of the
metamaterial composed of coupled cut-wire pairs. The green
dashed curve and blue dashed-dotted curve represent the
transmission spectra of the metamaterials composed of one
kind of cut wires.
garded as a kind of asymmetric split-ring resonator.26,27
The resonant frequencies, ω1 and ω2, of the two kinds
of resonators are determined by the inductance derived
from the metal wire with length l and the capacitance de-
rived from the gap g1. The difference |∆| of the resonant
angular frequencies between the two kinds of resonators
is determined by the difference between w1 and w2. The
resonance linewidths, γ1 and γ2, of the two kinds of res-
onators depend on the radiation loss, dielectric loss in
the substrate, and Ohmic loss in the metal. The cou-
pling factor κ between the two kinds of resonators can
be controlled by varying g2. The FDTD simulation is
performed in the microwave region where metals can be
regarded as perfect electric conductors; that is, Ohmic
loss in the metal is negligible. This enables us to investi-
gate the influence of the leak γL of the indirect coupling
on the transmission characteristics by only varying the
dielectric loss of the substrate and to easily compare the
theory based on the mechanical model with the results
of the FDTD analysis.
We first calculated the transmission spectrum of the
EIT-like metamaterial. The geometrical parameters of
the metamaterial were set to l = 28mm, w1 = 3mm,
w2 = 4mm, g1 = 2mm, g2 = 2mm, d = 1mm,
px = 29mm, and py = 39mm. The relative permit-
tivity of the substrate was set to 3.3, which is the real
part of the relative permittivity of polyphenylene ether.
The FDTD simulation space was discretized into uniform
cubes with dimensions of 1mm×1mm×1mm. (Although
the thickness of the substrate was modeled using only a
single FDTD cell in the simulation, no significant errors
were caused to the simulation results.) Periodic bound-
ary conditions were applied to the x and y directions to
realize periodically arranged metamolecules.
Figure 3 shows the transmission spectra of three kinds
of metamaterials. The red solid curve represents the
transmission spectrum of the metamaterial composed of
coupled cut-wire pairs (metamolecules) described above.
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FIG. 4. Snapshots of (a) the current and (b) electric field dis-
tributions at the transparency frequency. The incident elec-
tric field is 1V/m.
The green dashed curve (blue dashed-dotted curve) rep-
resents the transmission spectrum of the metamaterial
composed of one kind of cut wires, i.e., meta-atoms,
shown in the right-hand side (left-hand side) of Fig. 2.
While simple absorption spectra are observed for the
metamaterials composed of one kind of cut wires, a trans-
mission window is observed in the absorption spectrum
for the metamaterial composed of coupled cut-wire pairs.
In addition, the transmission bandwidth is much smaller
than the resonance linewidths (absorption bandwidths)
of the metamaterials composed of one kind of cut wires.
This implies that the EIT-like transparency phenomenon
occurs for the metamaterial composed of coupled cut-
wire pairs owing to the indirect coupling. Since the trans-
mittance at the transparency frequency is nearly unity,
γL seems to be negligibly small for the present geomet-
rical parameters. Although the present metamaterial,
which is composed of periodically arranged coupled res-
onators, is different from isolated coupled resonators such
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FIG. 5. Dependence of the transmission spectrum on g2.
as the mechanical model shown in Fig. 1(a) and the cou-
pled resonators in previous studies,14–16 indirect coupling
can be induced between the meta-atoms in each unit cell
and γL seems to be negligibly small also in the meta-
material. (Note that it is still unclear whether indirect
coupling is induced between different cells.)
We next calculated the field distributions at the trans-
parency frequency to understand the physical meaning
of the EIT-like transparency phenomenon. Figure 4(a)
shows the current distribution at the transparency fre-
quency. An antisymmetric current flows in the coupled
cut-wire pair and thus the total electric dipole moment
vanishes. That is, the scattering is suppressed due to
destructive interference between the radiations from the
two kinds of cut wires. This observation is another aspect
of the cancellation between the radiation loss and the in-
direct coupling described in Sec. II. Figure 4(b) shows the
electric field distribution at the transparency frequency.
A large quadrupole electric field is induced at the gap of
the two kinds of cut wire. The electric field at the gap is
about 200 times as large as the incident electric field, in
which the narrow band effect is reflected.
We next analyzed the dependence of the transmission
spectrum on g2 to investigate whether Re (κ
2) = 0 can
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FIG. 6. Transmission spectra for tan δ = 0.005. The red solid
curve represents the transmission spectrum of the metama-
terial composed of coupled cut-wire pairs. The green dashed
curve and blue dashed-dotted curve represent the transmis-
sion spectra of the metamaterials composed of one kind of cut
wires.
be satisfied by varying g2. Figure 5 shows the transmis-
sion spectra for g2 = 1mm, 2mm, 4mm, and 8mm. The
other parameters are the same as those in the case of
Fig. 3. With increasing g2, the transmission peak shifts
to lower frequency; that is, Re (κ2) decreases. The trans-
mission spectrum for g2 = 1mm shows the opposite
asymmetry to that for g2 = 2mm and, therefore, the
condition that satisfies Re (κ2) = 0 exists in the range
1mm < g2 < 2mm. The imaginary part of κ
2 seems
to be a constant value in the range 1mm < g2 < 8mm
because the transmittance at the transparency frequency
is nearly unity for these four calculated conditions.
The dependence of Re (κ2) on g2 can be understood us-
ing the electrical circuit model of the coupled resonators
shown in Fig. 1(b). As g2 increases, both the mutual in-
ductance M and mutual capacitance CM decrease and
thus the imaginary part of the mutual impedance ZM
decreases. Therefore, Re (κ2) decreases and the trans-
mission peak shifts to lower frequency with increasing
g2. Note that this discussion can be applied only to the
case of g2 ≪ λ, where λ is the wavelength of the elec-
tromagnetic waves. When g2 is comparable to or larger
than λ, the phase retardation of the coupling has to be
taken into account; therefore, we cannot discuss the in-
direct and direct couplings separately. However, g2 ≪ λ
is safely satisfied in metamaterials.
We next analyzed the influence of the dielectric loss of
the substrate on the transmission characteristics. Figure
6 shows the transmission spectra of the above mentioned
three kinds of metamaterials when the loss tangent tan δ
of the dielectric substrate is 0.005, which is the loss tan-
gent of polyphenylene ether at 3GHz. The other param-
eters are the same as those in the case of Fig. 3. While
the transmission spectra of the metamaterials composed
of one kind of cut wires are almost the same as those in
Fig. 3, the transmittance of the metamaterial composed
of coupled cut-wire pairs at the transparency frequency
is smaller than that in the case of Fig. 3 due to the di-
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FIG. 7. Dependence of the group delay at the transparency
frequency on |∆| when tan δ is equal to (a) 0, (b) 0.005, (c)
0.05, and (d) 0.1. The values of ∆max and γd are represented
by the vertical dashed lines in each case. Note that the scales
of the vertical axes are different from each other.
electric loss. This implies that the leak of the indirect
coupling without dielectric loss is much smaller than the
dielectric loss γd of the substrate. Thus, we may assume
γL ≃ γd when tan δ is larger than 0.005 at most.
Finally, we calculated the dependence of the group de-
lay at the transparency frequency on |∆| to investigate
the influence of tan δ on ∆max. The absolute value of ∆
was varied by varying w2 from 4mm to 10mm with steps
of 1mm. The other parameters except tan δ are the same
as those in the case of Fig. 3.
Figure 7 shows the group delay at the transparency
frequency as a function of |∆| for tan δ = 0, 0.005, 0.05,
and 0.1. For the calculated conditions, the group delay
monotonically increases with decreasing |∆| for tan δ = 0
and 0.005, while the group delay first increases and then
decreases with decreasing |∆| for tan δ = 0.05 and 0.1.
We now discuss the above results using the mechan-
ical model of the coupled resonator shown in Fig. 1(a).
We have to evaluate in advance the radiation loss γ0 of
the cut-wire resonators and the dielectric loss γd of the
substrate in order to use the mechanical model. For a
Lorentz medium with a simple absorption line, γ0 is al-
most equal to the bandwidth of the negative group delay.
Thus, γ0 can be estimated by calculating the group delay
of the metamaterial composed of one kind of cut wires
(not shown). The value of γd can be estimated as follows.
In a series inductor–capacitor resonant circuit, the qual-
ity factor of the circuit can be approximated as the in-
verse of the loss tangent of the dielectric in the capacitor
when the loss in the circuit is caused only by the dielec-
tric loss in the capacitor. Since the thin metallic film is
on the dielectric substrate in the metamaterial shown in
Fig. 2, we assume that half of the capacitor in the meta-
material is filled with the dielectric and the other half is
filled with vacuum. That is, the capacitance of the gap
is assumed to be (1 + εr)/2 times as large as that with-
out the substrate, where εr is the relative permittivity of
the substrate. From this assumption, the effective loss
tangent tan δ′, which is the loss tangent when the capac-
itor is assumed to be filled with a uniform medium, is
found to be {Re (εr)/[1 + Re (εr)]} tan δ. Therefore, the
dielectric loss γd in the metamaterial is estimated to be
ω0 tan δ
′.
We now show ∆max calculated using the above esti-
mated γ0 and γd in Fig. 7. The value of γd is also shown
in the figure. It is found that the group delay increases
or decreases with decreasing |∆| when |∆| is larger or
smaller, respectively, than ∆max and that the group de-
lay seems to vanish at around |∆| = γd. This implies
that the behavior of the coupled cut-wire pair metama-
terial can be well described by the mechanical model.
That is, indirect coupling can be induced only between
meta-atoms in each unit cell of metamaterials composed
of periodically arranged coupled resonators.
7IV. CONCLUSION
We analyzed the EIT-like transparency phenomenon
in metamaterials composed of coupled resonators with
indirect coupling. The theoretical analysis based on the
mechanical model showed that the transparency band-
width can be narrower than the resonance linewidths of
the constitutive resonators when strong indirect coupling
is introduced. The FDTD simulation demonstrated that
the EIT-like transparency phenomenon with γL ≃ 0 and
Re (κ2) = 0 can occur in metamaterials composed of cou-
pled cut-wire pairs. The characteristics of the metamate-
rial was confirmed to be well described by the mechani-
cal model, and indirect coupling was found to be induced
only between meta-atoms in each unit cell of metamateri-
als composed of periodically arranged coupled resonators.
Structures of meta-atoms with narrow resonance
linewidth usually have complicated shapes. However, the
narrow band transparency window can be obtained using
simple structures such as cut wires when indirect cou-
pling is introduced. If dielectric loss is prevented com-
pletely, an extremely narrow transparency window can be
achieved below infrared frequencies where metals can be
regarded as perfect electric conductors. For future stud-
ies, the minimum transparency bandwidth of the EIT-
like metamaterial without dielectric loss needs to be in-
vestigated experimentally. In the optical region, metals
exhibit relatively large Ohmic losses, and thus the meta-
material should be designed with low-loss dielectrics. In-
direct coupling would be useful not only for realizing EIT-
like phenomena but also for other techniques for control-
ling electromagnetic waves.
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